brillar proteins must be removed from the myofibril before they can be turned over metabolically in functioning muscle cells. It is uncertain how this removal is accomplished without disruption of the contractile function of the myofibril. It has been proposed that the calpains could remove the outer layer of filaments from myofibrils as a first step in myofibrillar protein turnover. Several studies have found that myofilaments can be removed from myofibrils by trituration in the presence of ATP. These easily releasable myofilaments (ERMs) were proposed to be intermediates in myofibrillar protein turnover. It was unclear, however, whether the ERMs were an identifiable entity in muscle or whether additional trituration would remove more myofilaments until the myofibril was gone and whether calpains could release ERMs from intact myofibrils. The present study shows that few ERMs could be obtained from the residue after the first removal of ERMs, and the yield of ERMs from well-washed myofibrils was reduced, probably because some ERMs had been removed by the washing process. Mild calpain treatment of myofibrils released filaments that had a polypeptide composition and were ultrastructurally similar to ERMs. The yield of calpain-released ERMs was two-to threefold greater than the normal yield. Hence, ERMs are an identifiable entity in myofibrils, and calpain releases filaments that are similar to ERMs. The role of ERMs in myofibrillar protein turnover is unclear, because only filaments on the surface of the myofibril would turn over, and changes in myofibrillar protein isoforms during development could not occur via the ERM mechanism.
rate of loss of muscle mass. These studies have produced different results, probably because not all types of muscular atrophy involve the same biochemical pathways and also because different classes of muscle protein may be involved to different extents in loss of muscle mass. Therefore, a more detailed analysis of muscle protein turnover is warranted.
Ultimately, muscle protein degradation is the result of proteolytic enzyme activity. Skeletal muscle contains four proteolytic systems that are present in quantities that could be sufficient for metabolic turnover of muscle proteins: 1) the lysosomal system, 2) the caspase system, 3) the proteasomal system, and 4) the calpain system (18) . Skeletal muscle tissue is composed of three classes of proteins based on their solubility and function: 1) the cytoplasmic or sarcoplasmic proteins, which constitute ϳ30 -35% by weight of total muscle protein, are soluble at low (Ͻ0.05 M) ionic strength, and contain most of the metabolic enzymes; there are likely Ͼ100 -200 different proteins in this class; 2) the myofibrillar proteins, which constitute ϳ55-60% of total muscle protein by weight, form the contractile structures or myofibrils in striated muscle cells, and require relatively high (Ͼ0.2 M) ionic strength for their solubilization; there are ϳ20 different proteins in this class; and 3) the stroma proteins, which constitute ϳ10 -15% by weight of total muscle protein, are insoluble in neutral aqueous solvents, are principally extracellular, and are composed of collagen and extracellular matrix proteins in addition to some integral membrane proteins (17) .
Proteins in these three classes almost certainly are not degraded by the same mechanism(s), and the rate of their degradation likely is regulated by different signaling pathways. Moreover, none of the major classes of proteolytic enzymes degrade proteins to amino acids; even the proteasome degrades proteins to small (4-to 12-amino acid) peptides, and action of a variety of peptidases in muscle cells is required to degrade muscle proteins to amino acids. Degradation of many of the stroma proteins requires extracellular proteases, whereas degradation of the sarcoplasmic and myofibrillar proteins requires intracellular proteolytic pathways. The sarcoplasmic proteins can be degraded directly by the proteasome after their ubiquitination, but the major class of muscle proteins, the myofibrillar proteins, is not degraded by the proteasome when they are assembled in the myofibrillar structure (8, 24, 36) .
Consequently, measurements of muscle protein turnover using release of amino acids from muscle tissue or loss of muscle weight will measure degradation of all three of these classes of proteins, with the relative contribution from each class depending on the conditions of the experiment. Release of an amino acid such as tyrosine from muscle will measure the activity of the major class of proteolytic enzymes or the peptidase required to produce free amino acids that is rate limiting. Although the sarcoplasmic proteins turn over more rapidly than the myofibrillar or stroma proteins, the fact that the latter two classes constitute collectively 65-75% of total muscle protein indicates that, in some instances, the amino acids released or the loss of muscle weight may originate, to a considerable extent, from degradation of myofibrillar and/or stroma proteins. Hence, careful studies should distinguish between the three classes of muscle proteins in the investigation of muscle protein turnover by using measurements that identify which class is contributing or by acknowledging that the measurements may include contributions from one or more of the three classes of muscle proteins. This study describes investigations that focus on the mechanism underlying turnover of the myofibrillar proteins in skeletal muscle.
Because nearly all myofibrillar proteins in a muscle cell are assembled in the form of a myofibril and because the structural integrity of this myofibril must be maintained to preserve the contractile function of the muscle cell, the myofibrillar proteins must be disassembled from the myofibril without disrupting the contractile ability of the myofibril before they can be degraded proteolytically (18) . It was proposed over 30 years ago that the calpains might be involved in this disassembly by selectively releasing filaments from the surface of the myofibril (6) . At about this same time, it was discovered that skeletal muscle contains a small amount of myofilaments that can be released from myofibrils by gentle agitation in an ATP-containing solution (11, 44) . These easily releasable myofilaments (ERMs) lacked ␣-actinin (1, 2, 44) but contained myosin and actin, as would be predicted if they had been released from the surface of the myofibril by the calpains. Incubation of muscle with leupeptin, a compound that inhibits activity of calpain and other proteases, decreased the yield of ERMs, whereas incubation with a Ca 2ϩ ionophore, A23187, increased the yield of ERMs, suggesting that proteolytic, specifically calpain, activity was involved in their release (44) . Moreover, the yield of ERMs was increased during periods of muscle atrophy induced by fasting or corticosterone treatment (5) or sepsis (46) . The results suggested that the ERMs might be important intermediates in metabolic turnover of myofibrillar proteins.
It remains unclear, however, whether the ERMs are an identifiable entity in muscle cells or whether agitation in the presence of ATP simply shears the outer layer of thick and thin filaments from the surface of the myofibril and additional agitation of the myofibrils remaining after removal of the ERMs would shear off a second layer of filaments. Furthermore, it was not demonstrated that treatment of myofibrils with calpain would release ERMs from these myofibrils that were identical to those obtained by agitation. Therefore, we have attempted to prepare ERMs from the myofibril residue remaining after ERM removal and have examined the yield and nature of the filaments released from purified myofibrils during incubation with purified calpain. The results indicate that a very small amount of ERMs can be obtained from the myofibrils remaining after the initial ERM removal, showing that the ERMs are identifiable entities in muscle cells and that the filaments released from myofibrils during incubation with purified calpain are biochemically and ultrastructurally similar to the ERMs obtained by agitation. All other chemicals were reagent grade or purer. Unless specified otherwise, all proteins were prepared at 2-4°C with use of precooled instruments and solutions, and all experiments used doubly deionized water that had been passed through a filter to remove organic material and then through a 0.45-m filter to remove pyrogens.
MATERIALS AND METHODS

Materials
Animals and muscle samples. Use of animals and animal tissues in these experiments was approved by the University of Arizona Institutional Animal Care and Use Committee. Myofibrils and ERMs were prepared from bovine skeletal muscle or rat skeletal muscle. Bovine muscle was removed from 400-to 800-kg animals within 30 min after exsanguination, placed on ice, and transported to the laboratory. Muscle was obtained from 9-to 12-mo-old Sprague-Dawley rats within 15 min after exsanguination and used to prepare ERMs. All procedures were carried out in a cold (2-4°C) room with use of precooled instruments.
Preparation of ERMs. ERMs were prepared from rat hindlimb and back muscle or extensor digitorum longus (EDL) or soleus muscle or bovine diaphragm muscle according to a procedure adapted from Etlinger et al. (10, 11) and van der Westhuyzen et al. (44) . The procedure is summarized in Figs. 1 and 2. Briefly, crude (i.e., not thoroughly washed) myofibrils were prepared as outlined in Fig. 1 . A scalpel was used to dice muscle into small pieces, which were placed for 90 min in a "soaking buffer" containing 1% Triton X-100 to solubilize the muscle cell mem- branes. The buffer was changed twice during the 90-min soaking period. The diced, "soaked" muscle pieces were homogenized in soaking buffer without Triton X-100 and then washed four times with soaking buffer without Triton X-100. After the second, third, and fourth washes, the homogenate was strained through a nylon kitchen strainer. The washed suspension was called "crude myofibrils" (Fig. 1) . Dicing, rather than grinding, was necessary to preserve muscle structure sufficient to yield filaments. ATP was added to the crude myofibrils to a final concentration of 1 mM, and the ATP-myofibril suspension was triturated 20 times by use of a Pasteur pipette (Fig. 2) . ATP evidently dissociates the actinmyosin interaction and facilitates release of filaments that are no longer attached to the Z disk. Because the ERMs are smaller than myofibrils, they can be separated from the residual myofibrils by sedimentation of the myofibrils through a 20% glycerol solution. The myofibrillar pellet that sedimented through the 20% glycerol was called the "myofibrillar residue" (Fig. 2) . The ERMs in the supernatant were purified further by sedimentation of any remaining residual myofibrils through 20% glycerol, then the ERMs were collected by sedimentation of the supernatant at 136,000 gmax for 30 min (Fig. 2) .
Other procedures. Thoroughly washed myofibrils were prepared according to Goll et al. (20) ; this procedure involves washing the myofibrils twice with 1% Triton X-100 to remove all membranes in addition to 10 washes with dilute salt solutions, so the myofibrils are well washed. Both -and m-calpain were prepared from human placenta (42) or bovine skeletal muscle (40) . Protein concentration was determined using the Coomassie Brilliant Blue G250 assay, as described by Bradford (4), or the biuret assay (21), as modified by Robson et al. (33) ; the bovine serum albumin used to prepare calibration curves was calibrated by Kjeldahl analysis. The FITC-casein and the BODIPY-FL-casein used for calpain assays were prepared as described by Wolfe et al. (47) and Thompson et al. (41) , respectively. SDS-PAGE was done as described by Laemmli (26) using minigels (47) . For Western blotting, the procedure described by Towbin et al. (43) and a semidry transfer procedure described by Taylor et al. (39) were used. Ratios of actin to ␣-actinin were obtained using a bioimaging device (Epi-Chemi II, UVP, Upland, CA). Measurements were made on the same lane of SDS gels, so differences in protein loading and staining did not affect the results.
RESULTS
Properties and yields of ERMs.
ERMs prepared from bovine diaphragm muscle (Fig. 3A) or rat back and hindlimb muscle (Fig. 3B) have the same appearance as ERMs prepared from rabbit (10, 11) or bovine (31) muscle. The diameter of thin filaments (8 nm) is slightly smaller than the diameter of thick filaments (15 nm). The ERMs would be expected to contain all the proteins that are associated with the thick or thin filament in the myofibril but should not contain the proteins that are located in the Z disk. SDS-PAGE shows that ERMs from rat ( Fig. 4A) and bovine (Fig. 4B ) skeletal muscle are composed primarily of myosin and actin with very little ␣-actinin, the principal Z disk protein. Actin constitutes ϳ17-24% and ␣-actinin ϳ2-3% of myofibrillar protein by weight (48) , so a ratio of ϳ0.083-0.125 would be expected for skeletal muscle myofibrils.
Analysis of the ␣-actinin-to-actin ratios in well-washed bovine skeletal muscle myofibrils and in ERMs prepared from bovine diaphragm muscle showed that the ␣-actinin-to-actin ratios in these samples were 0.118 Ϯ 0.006 (mean Ϯ SE, n ϭ 10) for washed myofibrils, 0.119 Ϯ 0.002 (n ϭ 5) for crude myofibrils, and 0.0111 Ϯ 0.0026 (n ϭ 5) for ERMs ( Table 1) . The ERMs contain tropomyosin and troponin and the myosin light chains, in addition to nebulin and titin (upper part of gels in Fig. 4) ; the latter two proteins would be expected to remain with the ERMs, because they are associated with the thin, actin filament (nebulin) and thick, myosin filament (titin).
The amount of ERMs obtained from two rat muscles and from bovine diaphragm muscle was Ͻ0.2% of total myofibrillar protein (Table 2 ). These yields are considerably lower than the Յ3% obtained from rabbit skeletal muscle by van der Westhuyzen and co-workers (44) . It is unclear whether the difference is due to the different species used in the two studies (rabbit muscle in the study of van der Westhuyzen et al. and rat and bovine muscle in the present study) or to the method used to calculate yields of ERMs. We calculated yields on the basis of the protein in the original myofibrillar fraction (crude and residual myofibrils; Fig. 1 ). van der Westhuyzen et al. (44) evidently calculated yield as follows: ERM protein Ϭ ERM protein ϩ myofibrillar residue protein (Fig. 1) . We noticed that an appreciable amount of protein was lost during trituration and centrifugation through 20% glycerol (Fig. 2) , possibly because of incomplete sedimentation through 20% glycerol or because some myofibrils adhered to the Pasteur pipette or the walls of the centrifuge tube. If van der Westhuyzen et al. also lost myofibrils at this step in the process, the amount of ERM ϩ myofibrillar protein residue would be less than the amount of myofibrillar protein that we used and would result in greater ERM yields. Rat muscle yielded almost three to four times more ERMs than bovine muscle (Table 2) , so some species differences do exist. We were interested in learning whether muscles could be frozen and stored before ERM preparation, because only small amounts of muscle can be processed at one time. Freezing (Ϫ80°C) the muscle before preparation of crude myofibrils (Fig. 1) , however, decreased the yield of ERMs to 15-20% of the original yield (Table 2) . We did not attempt to store the crude myofibrils in 20 -30% glycerol, so we do not know whether ERMs could be prepared from crude myofibrils stored in glycerol. Values are means Ϯ SE of the number of measurements indicated in parentheses. Starting material was as follows: crude myofibrils (Fig. 1) for rat extensor digitorum longus (EDL) and soleus and crude bovine myofibrils, residual bovine myofibrils, well-washed myofibrils prepared according to Goll et al. (20) , and residue ( Fig. 1 ) remaining after extraction of ERMs from well-washed myofibrils. Rat EDL and soleus after Ϫ80°C indicates storage for ϳ40 -45 days. ND, not determined. Ratio of ␣-actinin to actin: 0.108 for myofibrils and 0.0046 for ERMs. Both gels in B were an 8 -16% polyacrylamide gradient. Polypeptide composition of myofibrils and ERMs from rat and bovine muscle is similar, except for lack of ␣-actinin in ERMs, indicating that they do not have Z disk proteins. Migration rates of polypeptides having a designated molecular weight are shown at left. Major myofibril polypeptides are labeled on right: M, myosin heavy chain, ␣, ␣-actinin, A, actin; MLC1, myosin light chain 1. Analysis of different lanes showed that ␣-actinin-to-actin ratio in myofibrils from rat EDL and rat soleus muscle was 0.099 and 0.098, respectively, whereas ␣-actinin-to-actin ratio in ERMs from rat EDL and soleus muscle was 0.0065 and 0.0013, respectively.
As discussed in the introduction, it is important to know whether the ERMs are identifiable entities in muscle or whether they are products of shearing myofibrils so that the outer layer of filaments is removed. Therefore, we prepared ERMs from the residual myofibrils (Fig. 2) and from myofibrils that had been washed 12 times (20) , a procedure that may remove some of the "easily releasable" myofilaments from the surface of the myofibril. The yield of ERMs from the residual myofibril fraction was only ϳ20% of that obtained from crude myofibrils, and the yield of ERMs from washed myofibrils was only 35-40% of that obtained from crude myofibrils (Table 2) . Moreover, no ERMs could be obtained from the residue remaining after a second extraction of ERMs (results not shown in Table 2 ) or from the residue remaining after extraction of ERMs from well-washed myofibrils (0.0030%; Table  2 ). The results indicate that skeletal muscle contains a small fraction of myofibrillar proteins that can be released from myofibrils by agitation in the presence of ATP and that, once removed, additional myofilaments are not removed by the same gentle agitation.
Release of ERMs by the calpains. The calpains selectively remove Z disks from myofibrils (6, 7), and it has been proposed that the calpains might catalyze the first step in myofibrillar protein turnover by removing the outer layer of myofilaments from intact myofibrils (6) . Therefore, we incubated myofibrils from rat or bovine muscle with purified -or purified mcalpain to determine whether these proteases would catalyze the release of ERMs. It was necessary to test several different ratios of calpain to myofibrillar protein before we obtained conditions that did not result in complete destruction of the myofibril. Finally, we incubated the myofibrils in 1:5,000 -10,000 (wt/wt) calpain-myofibrillar protein for 5-30 min at 25°C. This treatment resulted in a 10-to 20-fold increase in ERM yield (Table 3 ). The ERMs obtained by calpain treatment appeared identical ultrastructurally in electron micrographs to the ERMs obtained by the usual procedure (Fig. 5) , and their polypeptide composition was the same as evaluated by SDS-PAGE as that of the ERMs obtained in the usual manner (Fig. 6) . The ␣-actinin-to-actin ratios of the myofibrils and calpain-released ERMs in Fig. 6 were 0.109 and 0.019, respectively.
DISCUSSION
The results of this study show that ERMs exist as an identifiable entity in striated muscle, at least from the two species we studied, and that ERMs can be released from skeletal muscle myofibrils by calpain. Therefore, the calpains can release ERMs from myofibrils, as first proposed over 30 years ago (6) . It remains unclear, however, whether or how ERMs function in myofibrillar protein turnover. A number of studies have shown that ERMs in muscle increase during periods of rapid muscle wasting, such as in diabetes (1), starvation (5), cachexia (22) , and sepsis (45, 46) , and during corticosterone treatment (5, 27) . It is not known whether ERMs are involved in myofibrillar protein turnover during sarcopenia (9) or during normal or exercise-induced skeletal muscle growth. If myofibrillar proteins turn over solely through an ERM pathway, the filaments on the surface of the myofibril would turn over regularly, but those in the interior of the myofibril would turn over slowly if at all. It is unclear how turnover that is restricted to or occurs primarily at the surface of the myofibril could account for the exchange of different isoforms of the contractile proteins during development. Myosin, for example, undergoes nearly a complete change in mammalian muscle from an embryonic isoform to the four isoforms that are found in myofibrils from mature animals. Moreover, myosin isoform content can change in mature muscle in response to physiological demand. It is difficult to envision how such exchange could occur if myofibrillar protein turnover were restricted solely to release and degradation of ERMs.
Several reports in the 1980s and early 1990s indicated that individual proteins in myofibrils could exchange with their counterparts in the cell cytoplasm (28, 34; see Ref. 18 for review). The significance of these results, however, is unclear, because it was not demonstrated that the molecules in the cytoplasm actually exchanged with those in the myofibril; in many instances, the results were consistent with a simple adsorption of the molecules in the solution/cytoplasm onto the surface of the myofibril. A recent report (38) found that 15% of the ␣-actinin in rabbit soleus myofibrils exchanged after 8 h of incubation in a solution containing labeled ␣-actinin. There was no net increase in the ␣-actinin content of the myofibrils, suggesting that an exchange had occurred, but the location of the newly incorporated ␣-actinin was not determined (i.e., Fig. 5 . Electron micrograph of ERMs released by m-calpain from rat skeletal muscle myofibrils prepared from rat back and hindlimb muscle. Myofibrils were treated with m-calpain purified from bovine skeletal muscle for 30 min at 22°C and m-calpain protein-to-myofibrillar protein ratio of 1:5,000. ERMs from the incubation were prepared as described in Fig. 2 . Gray arrows, thick filaments; black arrows, thin filaments. (Fig. 1 ) that were treated with purified calpain.
were the added molecules all on the surface of the Z disk?). In studies of muscle contraction, skinned muscle fibers have routinely been incubated with labeled myosin light chains or troponin C, and incorporation of the label into the myofibril has been sufficient to allow spectroscopic analysis of contraction of the fibers. Hence, the labeled molecules were incorporated, and their incorporation did not alter the contractile function of the myofibril. Troponin C and myosin light chains are small molecules, however, and it is not clear whether the other larger contractile proteins can penetrate the myofibrillar lattice to exchange with molecules in the interior of the myofibril.
Spacing in the lattice structure of skeletal muscle myofibrils varies with the state of contraction: 20 -50 nm between thick filaments (3), ϳ10 -20 nm between thick and thin filaments in the overlap area (32) , and ϳ20 -25 nm between thin filaments as they enter the Z disk (15) . The lattice spacing in the Z disk is less than that in the I band area: 17-20 nm at the edge of the Z disk to less than that in the interior of the Z disk, where ␣-actinin filaments exist. Its crystallographic structure shows that troponin C is an elongated molecule ϳ7.5 nm long and ϳ2.5 nm diameter at the two globular heads (35) ; in solution, this molecule has a radius of gyration of 2.3 nm (23). Hence, as the studies of muscle contraction involving labeled troponin C that had been incorporated into the myofibril demonstrate, troponin C can easily penetrate the myofibrillar lattice. It seems likely that troponin I and troponin T can also penetrate the myofibrillar lattice, at least in the I band area.
Tropomyosin is an elongated (ϳ42-nm-long) rod; its shape would likely slow, but not completely prevent, its access to the interior of the myofibril. Actin monomers (ϳ5.5 nm diameter) can also easily diffuse into and out of the myofibrillar lattice, although the effect of loss of an actin monomer on the function of the actin filament is unclear. The other major proteins in the myofibril are much larger, and it is unclear whether they could penetrate the myofibrillar lattice. The ␣-actinin molecule is a prolate ellipsoid with a Stokes radius of 7.69 nm and dimensions of ϳ4 ϫ 50 nm (37), so its diffusion into the Z disk would likely be slow.
Because the myosin molecule is a ϳ160-to 165-nm-long rod with a calculated Stokes radius of 17.6 nm (37), its diffusion into and out of the myofibrillar lattice would be difficult. The myosin molecule contains four small (16 -25 kDa) subunits, which, as indicated previously, can be exchanged with little or no effect on the contractile function of the sarcomere. The two large heavy chains in the myosin molecule, however, are each 200 kDa, and even if they were in an unordered random coil conformation, their diffusion into the interior of the myofibril would be slow. Goldfine et al. (14) found that individual myosin subunits could be incorporated into thick filaments, indicating that the separated myosin subunits are capable of independent incorporation into thick filaments. These studies, however, used myofibrils or native or synthetic thick filaments in an in vitro system, and it is not known whether the subunits were incorporated into functioning myosin molecules in the interior of the thick filaments or were simply adsorbed onto the surface. The two other major proteins in myofibrils, nebulin and titin, are very large (600 -900 and 2,500 -3,000 kDa, respectively) polypeptides, and it seems very unlikely that these two polypeptides could access the interior of the myofibrillar lattice.
Several studies of the rates of diffusion of proteins in living striated muscle cells have shown that the rate of diffusion of small proteins such as myoglobin (17 kDa, 3.5 nm diameter) is approximately 1/10th of the rate of diffusion of these proteins in dilute solutions (29) . The rate of diffusion decreases rapidly with increasing size of the protein (30) , so that diffusion of catalase (10.5 nm) in a living muscle cell is 1/20th of its diffusion in water, diffusion of ferritin (12.2 nm) is 1/50th of its diffusion in water, and there is no measurable diffusion of earthworm hemoglobin (ϳ30 nm). Contraction did not seem to alter the rates of diffusion of these proteins (30) . It was concluded that the "molecular sieving" effect of the myofibrillar lattice progressively slows the rate of diffusion of intracellular proteins when their diameter increases to Ͼ10 nm.
It has been assumed that ERMs are released from the surface of the myofibril, and the possibility that the calpains could release myofilaments from the interior of the myofibril has not been discussed. The calpain molecule is a prolate ellipsoid with dimensions of ϳ10 ϫ 6 ϫ 5 nm (19) and a Stokes radius of 4 nm. The calpains are concentrated in the I band and Z disk areas of the myofibril (25) , and it seems likely that the calpains could penetrate the myofibrillar lattice and cleave the same sites in the interior of the myofibril as they have been proposed Fig. 6 . SDS polyacrylamide gels comparing polypeptide composition of rat skeletal muscle myofibrils, m-calpain-released ERMs, and the 13,600 gmax supernatant (Super) remaining after sedimentation of ERMs (see Fig 2) . Myofibrils were treated with m-calpain purified from bovine skeletal muscle for 30 min at 22°C and m-calpain protein-to-myofibrillar protein of 1:5,000. ERMs from the incubation were prepared as described in Fig. 2 . Ratio of ␣-actinin to actin is 0.109 for MF lane and 0.019 for ERM lane. ERMs released by calpain are the same ERMs shown in the electron micrographs in Fig. 5 ; they have the same polypeptide composition as ERMs prepared from untreated muscle (Fig. 4) , indicating that calpain-released ERMs are identical to ERMs in muscle. Band at 100 kDa in Super lane is ␣-actinin that is released from myofibrils by the calpains (16) . Gels are 8 -16% polyacrylamide gradient, and each lane was loaded with 10 g of protein.
Migration rates of polypeptides with a designated molecular weight are shown at left. Major myofibril polypeptides are labeled at right: M, myosin heavy chain; ␣, ␣-actinin; A, actin; MLC1, myosin light chain 1. to cleave on the surface. It seems very unlikely, however, that any thick and thin filaments released in the interior of a myofibril could diffuse out, even if they were released by the calpains. The effect of such interior cleavages on the function of the myofibril is unclear.
In summary, the mechanism used by cells to turn over myofibrillar proteins remains unclear. It is possible that ERMs are used to turn over myofibrillar proteins during periods of rapid muscle atrophy, but it is less certain whether they are the major mechanism used to turn over myofibrillar proteins during development and perhaps also during sarcopenia. Exchange of myofibrillar proteins in the cell cytoplasm with those in the myofibrillar structure offers an attractive alternative to the ERM pathway, but the lattice spacing of the myofibril and the effects of the cell cytoplasm on rates of diffusion argue against direct exchange, at least for Ͼ15-to 20-nm proteins. Careful studies showing whether myofibrillar proteins can penetrate and are incorporated into the myofibril in the interior of the fibril are needed to show whether exchange is a route used to turn over myofibrillar proteins.
